Many scholars have argued that systems for treating waste impede organizations from preventing waste in the first place. They theorize that "end-of-pipe" (EOP) treatment diminishes the incentive to avoid creating waste in the production process and obscures the information necessary to devise prevention techniques. This prediction has been accepted widely, influencing both policy and practice, despite a lack of supporting empirical evidence and the existence of a contradictory theory. In this paper, we use data from U.S. manufacturing establishments from 1991 to 2005 to test the link between EOP treatment and waste reduction. Our findings show that EOP treatment is associated with an initial jump in reported waste, followed by ongoing reduction. We analyze these results by exploring mechanisms that may drive this relationship. For practitioners, our paper provides critical guidance about strategies for reducing waste. For scholars of environmental management, our paper provides new insight on when facilities accomplish "source reduction" of process waste. For broader management theories of operations and organizational design, our analysis provides new insight on boundary conditions for existing theories. Finally, our paper provides new guidance for the formulation of effective regulatory policy.
INTRODUCTION
For more than twenty years, authorities have theorized that waste treatment is antithetical to waste prevention. Evidence of this sentiment can be found in the statements of chemical executives (Avila and Whitehead 1993) , government reports (GAO 1997 , OTA 1994 , and popular articles on the effects of regulations that require waste treatment (Porter and van der Linde 1995) . Among scholars, Clelland, Dean, and Douglas provide a pointed summary of the theory: "Firms dependent on nonproductive, endof-pipe means of reducing pollution … are likely to be forgoing the indirect operational efficiency benefits provided by waste minimization " (2000: 118) .
End-of-pipe (EOP) treatment refers to any waste management system that processes, before discharging to the environment, waste produced by a production process (OTA 1986) . The visual image is of waste processing equipment in a manufacturing facility that is sited literally at the end of a pipe containing waste material ( Figure 1 ). EOP treatment typically is accomplished with one or a combination of three methods: burning, recycling, or chemical treatment. In many cases, some value is recovered in the form of energy or useful materials, but in all cases the total recovered value is less than the total cost of processing.
1 Firms often adopt EOP treatment systems because they can be implemented relatively easily and often without disrupting ongoing production processes (Cebon 1992 , King 1995b ).
Scholars have drawn from operations management theory to advance two predictions that cast EOP treatment in a negative light. The first prediction suggests that, because of its location at the "end" of the production system, EOP treatment separates the observation of waste from its creation, and thereby diminishes both workers' awareness of waste and their ability to identify wastes' root causes (MacDuffie 1997; Rothenberg et al. 2001) . The second prediction is that EOP treatment reduces incentives to eliminate waste ex-ante by giving operations personnel the opportunity to treat waste and fix mistakes expost (Rothenberg et al. 2001 , Sharma 2001 . Both critiques of EOP treatment suggest that facilities that continue to use EOP treatment will be less likely to reduce waste at the source and should experience lower waste reductions over time (Hart 1995, Rondinelli and Berry 2000) .
Few studies have systematically tested the proposed association between EOP treatment and process waste reduction, prompting some scholars to call for additional empirical analysis (Sarkis and Cordeiro 2001) . The need for such investigation is reinforced by a few empirical case studies and a counter-theory that suggests the use of EOP treatment might increase information about process problems and thereby support waste reduction. This counter-theory argues that the use of EOP treatment allows facilities to uncover "sticky information", that is, information relevant for understanding the causal links between how production systems work and how waste is created (King 1995a , 1999 , Pil and Rothenberg 2003 , Rothenberg 2003 .
In this paper, we test these two contrasting theories by using data from the U.S. Environmental
Protection Agency. We overcome many problems of measurement and identification by using detailed, chemical-level production data, and a differences-in-differences analysis. We reduce the effect of bias from endogenous choice by using a match-pairs analysis and numerous fixed effects.
Our results show that the use of EOP treatment is associated with a dramatic initial increase in reported process waste followed by systematic and prolonged reductions in waste. We infer that EOP treatment causes facilities to both measure waste more accurately and to identify ways to reduce waste.
We test our findings by conducting robustness checks and by exploring mechanisms that could link EOP use and waste reduction.
THEORY AND HYPOTHESES

EOP Treatment and Detrimental Impacts on Waste Reduction
Rothenberg, Pil, and Maxwell cogently summarize the prevailing perspective on EOP treatment systems: "Pollution control technologies and management practices, which treat or dispose of pollutants or harmful by-products at the end of the manufacturing process… are not 'value-added' and as such have been associated with worse manufacturing performance" (2001: 230). Klassen and Whybark argue there are two "dominant approaches to environmental management… proactive pollution prevention, which [by supporting process improvement] can deliver sustainable competitive advantage, and reactive pollution control, which cannot" (1999: 601). The argument is made even more starkly in the Handbook of Pollution Control and Waste Prevention: "Significant change, it just won't happen… for an existing process in which waste is managed as an end-of-pipe fact" (Sharma 2001: 2) .
If EOP treatment systems are detrimental to waste reduction and other process improvements, why would firms adopt them in the first place? Scholars have arrived at an explanation by drawing on organizational theory that predicts managers will tend to pick the least disruptive response to new requirements (Galbraith 1974 , Thompson 1967 . According to this logic, EOP treatment is an attractive alternative for managers, because although such systems can be costly to install and operate, they do not usually require disturbing existing operations (Ashford and Heaton 1983, Cebon 1992) . Indeed, to prevent firms from taking this easy way out, some scholars have suggested that government regulation should be stringent enough to discourage the use of EOP systems (Kemp 2000) . Porter and van der Linde, for example, criticize "relatively lax regulation [which] can be dealt with incrementally and without innovation, and often with 'end-of-pipe' or secondary treatment solutions" (1995: 100).
Criticisms of end-of-pipe systems have also drawn inspiration from theories of operations management (Corbett and Klassen 2006, Kleindorfer et al. 2005) . Particularly influential are theories of Lean Production, which argue that slack resources can reduce the accuracy and timeliness of information about process problems (MacDuffie and Helper 1997) . Noting the functional similarity between EOP systems and rework operations, scholars have extrapolated central ideas from Lean Production to develop a theory of effective "Green" management (Theyel 2000) . The main logic of the resulting argument is illustrated by a diagram familiar to many MBA students: a cut-away image of a lake showing high water (representing slack resources) hiding sharp rocks (representing process problems). The message of the illustration is that inventory and rework systems (and by extension, EOP systems) are like the high water:
keeping boats on the lake from running into jagged rocks but also allowing hidden problems to go uncorrected. More precisely, the logic is that EOP treatment is analogous to using a rework station to correct defects in production. Using these systems impedes operational improvement by separating, in time and space, the result of a problem (waste or product defect) from its origin (MacDuffie and Helper 1997, Staats et al. 2011) .
A second criticism of the use of EOP treatment systems is that they reduce workers' incentives to prevent waste at the source (Clelland et al. 2000 , Rothenberg et al. 2001 . One logic for this argument is that acquiring waste treatment equipment onsite (or through an ongoing contract with a waste handler)
reduces the marginal cost of producing waste and discourages efforts to keep waste in check. Policy makers in particular are concerned with the potential for such a "rebound effect". 2 A second logic for the incentives argument is that EOP treatment impedes the administration of efficient incentives. Efforts toward waste prevention are usually unobservable, and this can make it difficult to reward workers for engaging in "source reduction" or penalize them if they do not. EOP systems can exacerbate this problem because they provide an alternative to preventing waste at the source. The logic of the argument closely follows a model developed by Alles et al. (2000) for "yield improvement". In their model, actors have incentives both to meet production requirements and to improve yield (reduce waste); since efforts to improve yield are relatively less observable, there is a tendency for workers to shirk such work unless tight constraints on yield (waste) impede production. Alles et al. observe that because "tight constraints… make it impossible for output targets to be attained using standard production techniques… workers are forced to work smarter " (2000: 1529) . Following this logic, Sharma (2001) argues that by removing constraints and allowing ex-post correction of waste, EOP systems reduce incentives to decrease process waste. Knowing that EOP treatment is available, workers tend to focus on hitting their production targets and have little incentive to reduce waste.
H1: End-of-pipe treatment of waste will be associated with lower rates of waste reduction.
2 An example of the rebound effect among consumer goods is when regulation causes consumers to buy more fuelefficient cars, but the same consumers then drive more miles (Binswanger 2001) .
EOP Treatment and Information Benefits for Waste Reduction
The above argument has dominated thinking among scholars and practitioners, but a minority perspective has emerged to explain case-study evidence of waste reduction driven by personnel involved in waste treatment activities. For example, in one set of case studies, King (1995a) reports that personnel running EOP systems initiated more than a third of the identified process improvements. In a separate study of automobile assembly plants, Rothenberg (2003) finds that specialist environmental personnel contributed to more than 35% of the process changes leading to waste reduction. This evidence lends support to a contrasting perspective on EOP treatment systems: EOP systems operate not like "slack resources" or "buffers" but more like a process quality sensor, revealing information about waste that would otherwise go unnoticed. This perspective again has an analogy in the operations literature, in this case to theories of quality management. It suggests that, like careful quality-control systems, EOP treatment improves measurement and thereby leads to the identification and rectification of process problems.
Corbett and Klassen point out that "operators can rarely see the physical emissions caused by a process" (2006: 9). Many types of waste are minor constituents in cleaning water or flowing air and changes in these concentrations are invisible to operators. Observing the use-rate of inputs and statistical tracking can reveal changing waste levels (Corbett and Klassen 2006) , but such data is inherently delayed by the need for aggregation and statistical comparison. In contrast, some empirical evidence suggests that EOP systems can provide faster feedback. For example, Pil and Rothenberg report that, in auto assembly facilities, "employees in the water treatment facility discussed how changes in the chemistry of the water treatment system reveal when and how the paint process is not operating optimally… [and] because of their access to this data, environmental staff could catch paint process problems before paint shop staff" (2003: 414) . Similarly, King shared that managers in electronics fabrication facilities report using waste treatment operations "to diagnose problems in the upstream process, most commonly… if the water in the treatment process turned blue, it meant that chelate copper was leaking from one of the pumps in production" (1995b: 275).
Extending the argument above, King (1995b King ( , 1999 and Rothenberg (2003) argue that EOP operations may provide information for evaluating process health that is both timely and particularly important. Drawing on ideas of "sticky information", they argue that waste treatment operations may actually provide advantageous locations for uncovering information about process health, which can trigger improvements in the production process. Sticky information, according to von Hippel and Tyre (1996) , is costly to obtain, and its cost varies by location and context. King (1995b) proposes that waste treatment systems can reduce the cost of detecting changes in process health and thus become, as Spear (2002: 754) suggests, an "embedded diagnostic test" of production health. As a result, waste treatment operators can become "a second pair of eyes and ears" to process engineering managers (King 1995b: 273 (Jaber and Guiffrida 2008, Li and Rajagopalan 1998) .
Rothenberg argues further that the rich information available to operators of EOP systems supplies valuable contextual knowledge necessary for process improvement. She concurs with previous research on Lean Production that emphasized the knowledge of line workers because they "know their jobs better than anyone else", but she argues that such knowledge is insufficient for some types of process improvement (Rothenberg 2003 (Rothenberg : 1792 . For such improvement, she argues, "contextual knowledge is a critical aspect of the learning process " (2003: 1792) . Environmental personnel, she contends, are particularly likely to acquire such contextual and "inter-organizational" knowledge through the course of their work because the problems they face involve multiple locations and operations.
Two recent econometric studies appear to support this minority theory that EOP systems influence waste reduction. For example, Sarkis and Cordeiro use data from U.S. utilities to explore "the in-process versus end-of-pipe debate " (2009: 1160) . Counter to their expectations, they find that "[e]ndof-pipe solutions for meeting compliance requirements are more strongly and positively related to ecological efficiency" Cordeiro 2009: 1170) . Similarly, Lee, Veloso, and Hounshell (2011) find that command and control regulation requiring end-of-pipe emissions in the auto industry led to important technological innovations. They conclude that concerns about such regulation are "based on a particular premise that may not be general" and call for more empirical research on the topic (Lee et al. 2011 (Lee et al. : 1251 .
H2: End-of-pipe waste treatment will be associated with higher rates of waste reduction.
DATA AND METHODS
Data and Sample
Our sample consists of manufacturing facilities drawn from the population of U.S. (Marchi and Hamilton 2006) .
The EPA has conducted its own assessments of sectors and found that 95% of facilities interpreted the threshold requirements properly and that facilities "correctly identified release and other waste management activities that were occurring" (EPA 1996: 13).
Whereas other researchers have used TRI waste data aggregated to the facility level, we are the first to analyze waste levels separately for each chemical reported by a facility. Our approach provides important empirical advantages, including more precise controls for changes in production volume and a more precise estimate of waste reduction. Analysis at the chemical level also enables us to use fixed effects to control for differences in regulation, processing technology, cost, toxicity, and other unobserved differences among chemicals.
Some cleaning was required to make the TRI data more suitable for use. Most problematic was the "production ratio" intended to capture year-to-year changes in unit outputs. Respondents are supposed to report the decimal ratio of production levels, in units, for the current year relative to the previous year.
For example, for an output of 110 units in year t relative to 100 units in year t-1, respondents should report 1.1 (110/100). A few users report these numbers improperly, as, for example, 10 (for a 10% increase) or 110 (1.1 in percentage form). Many such errors can be captured by looking for negative numbers (which are not possible if the reporting is done correctly) or missing decimal points (1.1 has a decimal point, but 10 and 110 do not), or by comparing reporting patterns across multiple reports filed by the same individual. (For example, if a report contains a 13 and three instances of 1.3, a reporting error has likely occurred). The large amount of data to be checked required us to create a computer program that inspected each data point for a decimal, looked for similarities among the chemicals reported by the same person in the same facility in the same year, and examined historical reporting patterns. We corrected observations we inferred to be misreported.
To identify the reports made by individual technical and certifying officers, we wrote another computer program to match last and first names, and hand checked for spelling mistakes by inspecting all reports in which names were different but had a large number of overlapping letters.
To gauge facility size, which we employ to identify comparable facilities, we used the National Establishment Time Series (NETS) Database to acquire information on the number of employees at each facility. These data, originally gathered by Dun & Bradstreet (D&B), are distributed under contract by NETS to research scholars at a discounted rate. We contracted with NETS to match its data to the EPA's TRI for the years 1991 to 2005 and then checked the matches using our own computer programs and human matching.
Empirical Strategy
This paper tests two theories of the effect of EOP treatment on waste reduction in production processes. Identifying the effect of EOP treatment is made more difficult by the fact that the choice to treat a particular chemical is neither random nor exogenous. Managers choose how to handle waste material, and some unobserved attribute might jointly explain the choice to use an EOP system and to incur future waste reduction. For example, new management in a facility might embark on a program to jointly reduce pollution by adopting EOP systems and by rewarding waste reduction. Alternatively, a change in chemical prices might cause more EOP recycling and less waste. To identify the independent effect of EOP treatment on waste reduction, we must disentangle it from the effect of the endogenous choice. We employ three strategies to meet this challenge.
Reducing bias from fixed facility or chemical attributes
First, to reduce potential bias from unobserved facility attributes that might jointly influence both the choice to use EOP treatment and reduce waste, we employ differencing and fixed effects at the chemical and facility levels. We use first-difference estimates to remove the effect of unobserved constant attributes for each chemical in each facility. More formally, we specify models where the change in waste levels ( is a function of the use of EOP ( the change in production ( ), and a set of changing attributes ( ) (e.g., change in the individual reporting the chemical) for each chemical c, facility i, and year t. To remove the effect of fixed facility and chemical attributes on waste trends, we also specify a set of constant fixed effects for each chemical in each facility .
Using matched controls to reduce bias
Differencing and fixed effects reduces the potential for bias from fixed facility attributes that might jointly explain the choice to use EOP and waste reduction. However, changing facility attributes could still cause bias. To help reduce bias from these attributes, we used Coarsened Exact Matching (CEM) to find a control (or placebo) case comparable in attributes and trends to each "treated" case where EOP processing was added. The goal of matching is to try to find control observations that so closely match the treated ones it is "as if" a real randomized experiment had been run (Simcoe and Toffel 2011) .
According to Iacus, King, and Porro (2012) , CEM better corrects for endogenous treatments than do other methods, such as propensity score matching, because CEM matches on all sample moments of the treated and placebo groups, does not require a separate procedure to restrict data to common support, and does not affect the imbalance of other variables not used in matching. CEM also meets the congruence principle because it uses only observed data (not imputed or extrapolated data) in forming matches.
CEM either creates categories based on exact values or it coarsens each variable into categories into which each observation is then placed. If the measured categories for a treated case match all of those for a non-treated case, a potential match has been found (Iacus et al. 2012 ). For our study we required matches to have exactly the same regulatory region, industry, and chemical, and we required at least a coarsened match for levels and trends for waste, waste reduction, and facility size. Each match m links a particular chemical-facility combination to its matched pair. Our matching enables us to estimate either the coefficients on placebo changes or to estimate differences across the matched pair (see Equation 2 ). ̅̅̅̅ ̅̅̅̅̅̅ ̅̅̅̅ ̅
Using non-parametric facility and chemical trends to reduce bias
Unfortunately, matching techniques, no matter how sophisticated, are only as good as the matches they identify. To test the robustness of our results to an alternative method of correcting bias, we also specified models saturated with temporal fixed effects designed to capture individual facility and chemical trends. In these analyses, we specified fixed effects for each chemical-year combination, facility-year combination, and both together. These specifications should remove the effect of unobserved facility-level or chemical-level shocks which might influence both EOP use and waste reduction. For example, these dummies will capture the effect of a change in management or a change in chemical prices, which might cause both more EOP use and less waste. Unfortunately, while very powerful, this method is prone to Type II error, since all coefficient estimates must be based on differences in EOP use among chemicals within a facility. If EOP use is added to all chemicals in the same year, this method will fail to find any effect, even if a true one were to exist.
Measures
Dependent Variables
Change in waste: Our main dependent variable is the degree to which a facility reduces the volume of each waste chemical generated by the production process (see "process waste" in Figure 1 ). We measure change in waste as year-to-year changes in waste levels before a facility receives the EOP treatment.
Change in Waste is measured as the log of the ratio of the pounds of waste generated in the next year (year t +1) divided by the waste generated in the current year (year t). The log form is commonly used in analysis of production changes because it diminishes the effect of extreme values while maintaining approximate linearity around the mode (Kesavan et al. 2010) . For moderate changes in the sample, our measure can be interpreted as approximating the percentage change in waste (e.g., ln(1.2/1.0) = 18.2%).
To allow interpretation of our coefficients as an approximation of percentage changes in the dependent variable, we multiply the ratio by 100, calculated as follows:
where is the change in waste in pounds for a particular chemical c, for a particular facility i, for year t relative to year t-1.
Source Reduction Activities and Sources: For our analysis of the mechanism of process change, we used the Source Reduction Activity (SRA) fields from the Toxic Release Inventory. The SRA fields record the methods that facilities use to reduce waste at its "source". We divided the changes into three types: "Management Modifications", "Technology Modifications", and "Input Modifications". 4 We also collected the reports for whether or not these changes were suggested by a "regulator", a "vendor", or an "employee". We dichotomized each of these to indicate that in this year, for this chemical, an activity of this type occurred. For example, if the report for facility j in year t for chemical i disclosed an activity we categorize as a "management modification", our binary variable received the value of 1; otherwise it would be 0.
In total, we calculated 3 types of changes (Management Modifications, Process Modifications, Input Modifications) and 3 types of sources (employee, regulator, or vendor). The variable suggestion from employees takes a value of 1 if the change is attributed to "participative team management" or "employee recommendation (independent of a formal company program)"; suggestion from state program takes a value of 1 if the change is attributed to a "state government technical assistance program" or a "federal government technical assistance program"; suggestion from a vendor takes a value of 1 if the change is attributed to "vendor assistance".
Predicted change in waste:
In further analysis, we evaluated whether managers anticipate future changes in waste levels. As part of normal TRI reporting, managers are asked to forecast each chemical's waste generation for the following year; we created a similar ratio to assess predictions: 4 where PY ijt is the prediction for waste in pounds (Y) for a particular chemical c, for a particular facility i, for year t. The prediction is made in year t-1.
Independent Variables
To capture the effect of different sorts of EOP treatment, we coded multiple dummy variables for each treatment and its timing relative to its first reported use. Waste is typically released to the environment (the most common fate), treated onsite by the generating facility, or treated offsite by a contractor. We coded different dummies for onsite and offsite treatment.
Onsite treatment: We estimated onsite EOP treatment for each chemical at each facility with a dummy variable (0 for no onsite treatment and 1 for some onsite treatment). We also created time dummies to mark years relative to this change. For a facility that first reported processing a chemical in 1995, for instance, 1994 is marked as the year before the change, and 1996 as the year after it. These dummies enable us to estimate trends in the years before and after EOP treatments are adopted. For facilitychemical combinations where EOP treatment was used, discontinued, and then used again, we marked the time dummies relative to the most proximate case.
Offsite treatment:
We measured facilities that use offsite EOP treatment similarly, with a dummy variable (0 for no offsite treatment and 1 for some offsite treatment) and time dummies to mark years relative to this change.
Placebo treatments:
To facilitate comparison of each treated chemical in a facility with its matched control chemical and facility, we created a set of "placebo" treatments for the control pair that parallels actual events at the paired treated facility (e.g., if a treated facility added onsite waste treatment of a particular chemical in 1995, we created a placebo treatment in that year for the same chemical at the matched facility). We used this placebo treatment to make time dummies in the same manner as for actual treatments.
Control Variables
We used facility-chemical fixed effects (discussed further in the analysis section) to reduce the potential for unobserved facility or chemical attributes to bias our results, and created a series of control variables to capture other possible and important changes in a facility or for a chemical in a facility that could affect waste reduction.
Production output change:
To account for changes in waste occasioned by changes in output, we created a variable that captures, for each line of operation (as reported for each chemical in a facility), the log ratio of production output in years t and t-1. Reporting the ratio of units in production (p t /p t-1 ) for the production line that produced or used each chemical is required by the TRI. Reporting 1.1 indicates a 10% increase, and reporting 0.9 indicates a 10% decrease, in the units of production in year t relative to year t-1. As discussed earlier, we cleaned the data to remove mistakes in reporting.
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ISO 14000: The International Organization for Standardization (ISO) grants ISO 14000 certification to organizations that "identify and control environmental impact, improve environmental performance continually and in accordance with ISO auditors, [and] implement goals and objectives with respect to achieving better environmental performance" (ISO 2011). Because facilities with ISO 14000 certification might be predisposed to waste reduction, this variable is coded 1 if a facility was ISO 14000 certified in a given year, and 0 otherwise. Facilities certified once are assumed to maintain that certification in future years.
EMS:
Waste reduction might be greater at facilities with an environmental management system (EMS), defined by the EPA as "a framework that helps a company achieve its environmental goals through consistent control of its operations" (EPA 2011). We followed the standard practice of inferring the existence of an EMS when a facility reports a waste management change attributable to such a framework. Because an EMS sometimes fall into disuse, we created a dummy variable that measures whether or not a firm has reported in the last three years source-reduction activities attributable to an EMS. This variable is coded 1 in the presence of such a report, and 0 otherwise.
Tenure of technical personnel:
The tenure of the personnel responsible for waste monitoring and reduction might influence the rate of waste reduction. To estimate this, we created a variable that measures in years how long (in years) a technical officer has been completing the TRI form for a particular chemical at a particular facility.
Tenure of certifying personnel: Because waste reduction might be influenced by the tenure of the managers responsible for it, we created a variable that codes the tenure (in years) of the manager who signs and certifies the accuracy of the TRI form for a particular chemical at a particular facility.
-----------------------------------Insert Table 1 About Here -----------------------------------
Procedure for Matching Treated and Control Groups
We used CEM (described above) to disentangle the effects of endogenous facility attributes that could influence both adoption choice and waste reduction. We matched each instance of EOP adoption for a particular chemical at a facility to a case where EOP was not adopted for that same chemical at a similar facility. We first identified eight covariates that characterize important attributes of chemicals and facilities. For a feasible match, we required exact correspondence for three of these variables (chemical, industry (SIC 4), and EPA region). For the remaining five variables, we required approximate matches.
These "coarsened" variables were the number of employees at a facility, the waste (log pounds) for the chemical, an exponentially smoothed measure ( = .5) of waste in previous years, the changes in the waste relative to the previous year, and an exponentially smoothed measure ( = .5) of waste reduction (or increase) in previous years.
We created separate matched pairs for cases of EOP onsite treatment and EOP offsite treatment.
This process yielded matched groups of 8,861 data points for onsite EOP treatment and 6,295 for offsite EOP treatment. Missing data in our measure of number of employees led to matched groups with employment figures for 7,336 and 4,774 matches for onsite and offsite treatment, respectively. Table 2 reveals that using CEM dramatically reduces differences between the treated and control groups: after matching, the means of the treated and control groups are not significantly different. offsite affords a facility an additional 3.5% reduction in waste each subsequent year. Adding offsite treatment for a chemical already being treated onsite yields an additional improvement of 1.5% reduction in waste in each subsequent year. Our models also show that EOP treatment provides meaningful explanatory power to the model. The "within" R 2 changes by 2% when one treatment is added and by 4% when both are added. This increase in explanatory power is remarkable given that only 24% of chemicals in the sample experience a change in EOP status during the sample, and thus only about 15% of the observations follow the addition of EOP. In summary, the results in Table 3 provide support for Hypothesis 2: EOP treatment is associated with greater reductions in waste generated by production processes.
-----------------------------------Insert Table 2 About Here -----------------------------------
RESULTS
Pre-Treatment/Post-Treatment Analysis
All the models reveal a dramatic increase in reported waste in the year treatment is first used. To confirm that only this one year was anomalous, we estimated coefficients for every year before and after EOP processing was applied to a given chemical. As figures 2a and 2b demonstrate, waste reduction is small before EOP use (the 95% confidence interval often includes zero -indicating a steady level of waste). Then, in the first year of EOP processing, there is a dramatic increase in reported waste.
Thereafter, waste reductions are substantial and stable for many years. The graph in Appendix 1 makes it easier to interpret these changes by showing how waste levels would change for an "average" treated case.
We did not anticipate the dramatic jump in reported waste when a facility initially applied EOP processing to a given waste chemical. To find out why this might be true, we contacted practitioners with extensive experience with both onsite and offsite processing. Their common interpretation was that plants had not previously understood how much waste they generated. Explained Vicor Corporation EHS Given the possibility that reports prior to the adoption of EOP processing are based on faulty numbers, we conducted a number of tests to ensure that our results were not simply driven by reporting errors. For example, we limited the sample to just those cases where adding an onsite or offsite system resulted in only a small (non-statistically significant) increase in reported waste. Even for these cases, waste decreased by 5% (and 4%) per year following use of onsite (or offsite) processing. We infer from this that EOP use is associated with greater waste reduction even when previous accounting of waste was accurate.
Accounting for Endogenous Choice
The decision to use EOP processing for a particular chemical is endogenously chosen, and this choice process might bias our results. For example, new management in a facility might choose to increase the use of EOP processing and simultaneously reward workers for waste reduction. If so, our coefficient estimates might incorrectly attribute the effect of this management initiative to the use of EOP processing. We addressed this concern by (1) identifying a control group and (2) saturating our models with additional time-varying fixed effects.
After we found a matched control for each case in which EOP processing was initiated, we marked these control observations with a "placebo" treatment and then conducted additional empirical tests. We first performed a simple analysis of pre-treatment/post-treatment waste reduction for the treated and control groups (see equation 2). Models 1 and 2 report the coefficient estimates for this specification and both reveal strong waste reduction for the real treated group, while the control group actually experiences waste gains. Models 3 and 4 in Table 4 show the results of analyses directly comparing the treated and control groups (see equation 3). Results shown in in Model 3 suggest that a treated facility experiences an 18%-per-year reduction in waste relative to the control facility after onsite treatment is added. Model 4 suggests that the treated facility experiences a 15%-per-year reduction in waste relative to the control after offsite treatment is added.
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Our matched-pair analysis further confirms support for H2 by reducing the potential for endogenous choice to bias our coefficient estimates. Yet, the accuracy of this method depends on the precision of the matching process. To further check for bias from endogenous choice we specified models with time-varying chemical and facility effects which directly capture both observed and unobserved attributes that might influence the choice to use an EOP system and waste reduction. Table 5 , models using these specifications are consistent with our earlier results. These results suggest that independent of using facility-year fixed effects, chemical-year fixed effects, or both sets of fixed effects, we find more evidence that both onsite and offsite EOP treatment experience is associated with less waste being generated in the course of production.
Analyzing the Mechanism of Action
The logic behind our two hypotheses (H1 and H2) differs diametrically on the effect of EOP use on information, awareness, and the generation of process improvement ideas. The current dominant theory expects EOP systems to reduce information about root causes of problems and decrease the incentive of employees to suggest or make changes. In contrast, the rival theory suggests that EOP systems actually uncover "sticky" information about root causes.
To test these predicted mechanisms directly, we conducted empirical analyses of additional data from the TRI. Respondents are asked to classify changes to the production process that result in reduced process waste and the source(s) of the ideas that led to these changes. Table 6 shows the results of a logistic regression analysis predicting the existence of two sources for improvement and three types of changes. As shown in models 1-2, EOP treatment is associated with more-frequent suggestions from employees, a finding that is consistent with our inference that EOP processing increases awareness of waste and information about its root causes. Note that vendor suggestions increased only when EOP was added onsite. Based on our discussions with industry experts, we infer that these additional suggestions came from the vendor of the treatment equipment or chemistry. Also note that the control group did not experience any significant difference. Coefficient estimates in Models 3-5 show that source reduction activities generally increased after EOP treatment was added, further indicating that EOP treatment complements rather than substitutes for source reduction. Our industry experts, too, offered explanations from which we infer that "input material changes" may appear to decrease in the wake of adding onsite EOP treatment because a treatment system's processing requirements sometimes restrict which chemicals can be used in the production process.
To better understand the mechanism of action and to investigate a last remaining concern about unobserved endogenous change, we also performed an empirical test to evaluate whether managers expected waste reductions following an EOP system's installation. Research on goal setting and incentives clearly shows that new goals influence expectations of future performance (Heath et al. 1999 ).
Thus, if managers anticipate future changes, one might surmise that new goals are partially responsible. In contrast, insight from new information is very hard to predict, thus a failure to predict waste reductions is consistent with hypotheses that EOP systems increase information about process problems. We examined whether managers anticipated the effect of EOP systems by evaluating the predictions they made for waste reductions in the years subsequent to EOP adoption. Other than the substitution of predicted waste reduction for real reduction, the specification of the regression was the same as in Equation 1, using the same controls, fixed effects, and matching processes. We found no evidence that managers predicted sustained waste reductions following the adoption of onsite EOP treatment (see Figure 3 ). In the case of offsite EOP treatment, managers did expect some changes, but they predicted an amount that was less than half of the waste reduction that actually occurred. According to a manager with more than a decade of experience in waste services, it is common practice for firms providing offsite EOP services to tell clients to expect some waste reduction (conversation with Paul Ligon, Waste Management Inc., Nov. 18, 2011).
In total, our analysis of the mechanism through which waste reduction occurs supports the logic for Hypothesis 2: EOP treatment (particularly if conducted onsite) leads to changes in the production process. These changes are often suggested by employees. Managers do not anticipate these improvements, suggesting that they result from new information or new insight rather than from a change in managerial goals.
Further Robustness Tests
Because our findings contradict a commonly held theory, readers of our draft manuscript suggested numerous additional trials to fully validate our results. First, they suggested that financial strength might jointly explain both EOP-system use and waste reduction. To test this, we specified models including the D&B Paydex™ measure for each facility; this measure captures the degree to which the facility pays its bills on time. We also split the sample based on the mean of this measure. All tests confirmed the reported results.
The sudden increase in reported waste on first use of an EOP system raises issues which also required investigation. For example, our matched pairs are based on the reported waste levels before EOP use. Perhaps a better match would be based on the reported levels after use. We created additional matched pairs and confirmed the sign and significance of the reported results.
We conjectured that it might be solely the jump in measured waste which explained the subsequent waste reduction, and that, shocked by the realization of the real level of waste, managers might work harder to reduce waste. To test this, we limited the sample to just those cases where adding an onsite or offsite system resulted in an insignificant increase in reported waste. Even in these facilities, EOP use was associated with waste reduction of 5% and 4% per year (onsite and offsite, respectively).
Finally, one might wonder whether our results are contingent on facility, chemical, or regulatory differences. To test this, we split the sample into (1) facilities with and without emissions permits, 7 (2) toxic versus less-toxic chemicals, and (3) regulated versus less-regulated chemicals. The sign and significance of our results were confirmed in all cases. That the coefficient estimates are, in fact, slightly stronger for less-regulated facilities and lower-toxicity chemicals suggests that regulation may cause awareness and attention to process waste which substitutes for that occasioned by EOP treatment.
7 Even if otherwise regulated, facilities still need to file a TRI report.
Limitations
There are a number of limitations to this study. First, we must not forget that using EOP treatment is an endogenous choice and that some unobserved variable might cause both EOP use and waste reduction. Despite all of our efforts, it remains possible that an unobserved change for a particular chemical in a given facility could influence both the use of EOP processing and the subsequent waste reduction, thereby biasing our results.
Second, TRI reports are required only from facilities that use more than a threshold amount of a listed chemical and employ ten or more full-time people during the calendar year. This sample selection skews the dataset towards facilities of a certain size and restricts our samples to about 50% of the U.S. manufacturing base.
Finally, because all of these data are self-reported, it is possible that reporting errors could bias our results. Indeed, we suspect that, for some facilities, waste levels prior to the first use of EOP systems were reported inaccurately. Although our robustness tests reduce our concern in this regard, we hope in future research to develop a means of evaluating the accuracy of the reports.
DISCUSSION & CONCLUSIONS
Drawing on theories of organizational design and operations management, scholars have posited that the use of EOP treatment will be associated with (1) a decreased ability to identify waste-producing process problems and (2) reduced incentives to correct these problems (Clelland et al. 2000 , Ghassemi 2002 , Hart 1995 . This perspective has greatly influenced the literature on environmental management and prompted calls for more stringent government regulation to reduce the use of EOP treatment (Ashford and Heaton 1983, Porter and van der Linde 1995) . Yet, despite this prediction's importance to both theory and practice, it has not been well tested empirically. This paper has explored the underlying logic of the theory and compared it with a rival explanation.
Empirically, we addressed previous measurement difficulties by using more-refined data and by incorporating methods that limit the effect of unobserved attributes and endogenous choice. Specifically, we measured waste changes separately for each waste chemical (or compound) produced in a facility.
Analyzing changes at the chemical-level allowed us to incorporate several types of fixed-effects to reduce the influence of unobserved variables. We also accounted for endogenous choice by saturating the models with fixed effects and by conducting a differences-in-differences analysis employing a set of matchedpairs identified through Coarsened Exact Matching.
Our results show that the addition of EOP treatment to a particular chemical stream in a factory is associated with an initial expansion in reported waste and then a dramatic and sustained reduction in waste. We infer that the use of EOP treatment increases information about waste, and that this increase in information leads personnel to, first, recognize the full extent of waste a facility generates and, second, undertake ongoing waste reduction. To verify this conjecture, we explored mechanisms that might mediate between the use of EOP systems and process improvement. We find that when EOP treatment is added for a particular chemical, suggestions from employees and vendors increase, and more technology and management changes are made. We show that managers do not anticipate the waste reductions associated with the use of EOP treatment. All of these results are consistent with the theory that EOP treatments increase information about process problems, lead to better identification of the root cause of process waste, and the correction of these problems.
For the literature on environmental management, our paper provides a startling refutation of one of its central theories. It also suggests the need for renewed evaluation of a minority theory-that EOP systems allow for the retrieval of "sticky information" and thereby facilitate problem identification and improvement. Our results also raise fundamental challenges to existing models of how environmental management develops in an organization. Previous studies have tended to view EOP systems as part of a reactive stage which must be supplanted by the development of source reduction (waste reduction) activities. Our data suggests that EMS systems are in fact important contributors to waste reduction.
Previous studies have emphasized the role of planned, top-down development of environmental orientation. Our results suggest that important source reductions may also be an unanticipated outcome of EOP processing systems.
For theories of organization design and operations management, our research suggests the need for great care in extrapolating theoretical predictions from one area to another. Systems that seem functionally similar may not influence outcomes in the same way. Unobserved differences in processes, in initial conditions, and in alternatives can all influence the predicted power of the transferred theory.
Specifically, our results suggest a need for caution when extending concepts from Lean Production to new domains. Among the many areas which have borrowed Lean Production ideas, environmental management has been one of the most active. Many scholars have imported predictions from Lean Production theory by making an analogy between inventory and rework systems in Lean Production and EOP systems in environmental management. Yet our research suggests that in one important respect, this type of reasoning by analogy leads to inaccurate conclusions. First, the analogy may be wrong: for example rework and EOP, while superficially analogous, may not be sufficiently similar, or the addition of EOP may not be accomplished in a similar way. Second, the starting point (or the base case) might be different. For example, systems at the end of a process may impede and delay existing sources of feedback, or they might actually provide a means of measuring process problems where none had previously existed.
Identifying how firms respond to changing environmental demands is an important issue for management scholars, practitioners, policy-makers, and society as a whole. Evaluating how firms respond to new challenges also allows testing of the specific predictions and general applicability of theories of organizational design and operations management. In this paper, we clarify and tests two important existing theories, and reveal how firms adapt to growing demands to reduce their impact on the natural environment. For policy makers and managers, our paper identifies potential benefits of policies designed to encourage careful monitoring of process waste, including a higher level of involvement from waste producers' vendors and employees. Most importantly, our research suggests that policy makers should be cautious in designing regulation that prevents or discourages EOP treatment. We find in this research that EOP treatment is strongly associated with waste reduction and this improvement continues well after an EOP system has been adopted.
FIGURE 1: A Stylized Operation
The production process produces both products and process waste. The process waste may be treat onsite, offsite, or (most commonly) not at all before being released to the environment. In our analysis, we measure the creation of process waste as our dependent variable. We measure onsite and offsite treatment as key independent variables, and we measure products produced as a control variable. Predicted change in reported waste (reported in t-1 for t) note: *** p<0.01, ** p<0.05, * p<0.1
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Years before (-) or after (+) adding offsite treatment
